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Abstract 

Tunable  sources  of  coherent  radiation  are  needed  for  a  variety  of  military  and 
commercial  applications,  including  infrared  countermeasures  and  atmospheric  remote 
sensing.  This  research  investigates  a  tunable  mid-infrared  coherent  source  using 
periodically-poled  rubidium  titanyl  arsenate  (PPRTA)  as  a  quasi-phase  matched  (QPM) 
optical  parametric  oscillator  (OPO).  The  advantages  of  PPRTA  over  periodically  poled 
lithium  niobate  (PPLN)  are  presented. 

Quasi-phase  matching  and  periodic  poling  theory  are  discussed,  along  with  some 
important  historical  results  and  current  developments.  Experimental  setups  for 
determining  threshold,  conversion  efficiency,  pump  depletion,  and  beam  quality  are 
presented  along  with  experimental  results.  The  research  effort  is  focused  on 
characterizing  PPRTA  through  the  generation  of  tunable  midinfrared  laser  radiation  in  the 
1.4  to  4.0  micron  region. 

Results  successfully  demonstrate  PPRTA  conversion  in  the  1.5  p.m  range  with  a 
173  pJ  oscillation  threshold  and  a  beam  quality  (M^)  value  of  9.0.  Slope  efficiency  of 
PPRTA  is  shown  to  be  24%,  compared  to  slope  efficiency  of  15%  for  PPLN  in  an 
identical  system  setup.  The  high  slope  efficiency,  high  pump  conversion  (~60%), 
absence  of  damage  at  pump  levels  in  excess  of  300  MW/cm^,  and  large  aperture  scaling 
possibilities  suggest  that  PPRTA  is  well  suited  for  higher  power  applications. 
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Tunable  Mid-IR  Optical  Parametric  Oscillator  Using 
Periodically  Poled  Rubidium  Titanyl  Arsenate 

I.  Introduction 

Since  the  first  demonstration  of  an  operational  laser  in  1960  by  T.  H.  Maiman, 
(Maiman,  1960),  engineers  and  scientists  have  developed  numerous  practical  applications 
utilizing  the  high-power,  coherent  radiation  that  lasers  produce.  Military  engineers 
recognized  the  value  of  directing  large  amounts  of  energy  in  a  pencil-like  beam,  and  have 
incorporated  lasers  into  systems  to  defeat  enemy  missiles,  sense  remote  targets,  and  direct 
munitions  with  pinpoint  accuracy.  Developments  such  as  infrared  countermeasures 
(IRCM)  and  remote  environmental  sensing  require  a  laser  source  that  can  generate 
radiation  over  a  broad  range  of  wavelengths.  This  research  effort  investigates  the  tuning 
of  laser  radiation  (which  is  normally  output  at  a  quasi-discrete,  non-tunable  wavelength) 
to  desired  wavelengths  for  use  in  development  areas  of  great  interest  to  the  Air  Force. 

With  a  judicious  choice  (and  orientation)  of  material  and  a  suitable  pump  laser, 
one  can  generate  radiation  of  desired  wavelengths  through  nonlinear  frequency 
conversion.  Optical  waves  interact  with  materials  by  inducing  a  polarization,  and  if  the 
optical  field  is  sufficiently  high,  the  induced  polarization  behaves  in  a  nonlinear  fashion. 
The  optical  waves  can  interact  with  each  other  and  with  the  medium.  Generating  a  given 
wavelength  through  nonlinear  frequency  conversion  involves  the  interaction  of  intense 
laser  light  within  a  nonlinear  material  while  satisfying  two  fundamental  requirements: 
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conservation  of  energy  and  conservation  of  momentum.  The  idea  of  conservation  of 
energy  and  conservation  of  momentum  can  be  easily  understood  with  a  simple  energy 
level  diagram  and  a  momentum  vector  relationship,  as  shown  in  Figure  1  and  Figure  2, 
respectively. 
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Figure  1 

.  Energy  Level  Diagram 
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Figure  2.  Momentum  Vector  Diagram 

This  experiment  uses  an  optical  parametric  oscillator,  schematically  shown  in 
Figure  3,  to  produce  signal  (and  idler)  radiation  at  the  wavelengths  of  interest. 
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Pump 


Figure  3.  The  Optical  Parametric  Oscillator 

Conservation  of  energy  is  satisfied  through  the  frequency  relationship  shown  in 
Equation  (1).  Signal  and  idler  radiation  are  generated  spontaneously  and  amplified  by  the 
system. 

(Op  =0)^+0)^  (1) 

Conservation  of  momentum  (phase  matching)  is  shown  by  Equation  (2),  which 
defines  the  wave  vector  mismatch,  Ak.  The  wavelength  components  that  satisfy  the  phase 
matching  condition  {i.e.,  Ak  =  0)  are  optimally  generated  in  an  OPO.  Supporting  theory 
is  presented  in  Chapter  2. 

Ak  =  kp-k^-k,  (2) 

Techniques  to  achieve  phase  matching  have  seen  widespread  use  using 
birefringent  materials,  but  the  dispersion  properties  of  the  material  limit  the  tuning  range. 
Alternatively,  quasi-phase  matching,  which  is  achieved  through  periodically  reversing  the 
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domain  structure  of  a  polar  crystal,  allows  one  to  compensate  for  natural  dispersion  and  to 
custom-design  a  crystal  to  meet  the  needs  of  the  application  (Schepler,  1997:41). 

This  research  effort  investigates  a  relatively  new  type  of  periodically  poled 
material,  rubidium  titanyl  arsenate  (RTA)  in  a  quasi-phase  matched  OPO.  Results  are 
compared  to  those  using  lithium  niobate,  which  is  the  dominant  material  used  in 
periodically  poled  OPO’s.  Performance  advantages  and  disadvantages  of  RTA  are 
offered. 

Background  information  on  optical  parametric  oscillation,  phase  matching,  and 
periodic  poling  is  presented  in  Chapter  n.  Previous  research  in  this  field  is  discussed  in 
Chapter  HI.  Chapter  IV  describes  the  experimental  setup,  and  Chapter  V  presents 
experimental  results.  Finally,  conclusions  are  offered  in  Chapter  VI. 
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//.  Background 


A  general  understanding  of  optical  parametric  oscillation  is  needed  before  an 
understanding  of  this  thesis  material  can  be  achieved.  The  basic  properties  of  optical 
parametric  oscillation  will  be  presented  below.  This  is  followed  by  a  presentation  of 
phase  matching  theory  and  relevant  equations.  Finally,  a  general  overview  of  current 
developments  and  newer  materials  is  presented. 

2. 1  Optical  Parametric  Amplification  and  Oscillation 

Optical  parametric  amplification,  which  was  first  demonstrated  in  1965,  involves 
the  interaction  of  pump  and  signal  photons  within  a  nonlinear  material  to  generate 
additional  amounts  of  signal  (and  idler)  photons  (Giordmaine,  et  al.,  1965). 
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Figure  4.  Optical  Parametric  Amplifier 


The  nonlinear  response  of  the  medium  causes  the  pump  and  signal  waves  to  beat 
and  produce  an  idler  wave  at  frequency  tOi;  the  idler  wave  in  turn  beats  with  the  pump 
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wave  to  produce  additional  signal  power  at  cOj.  Thus,  power  is  transferred  to  the  signal 
and  idler  according  to  the  Manley-Rowe  relationship.  Equation  (3). 

P„  P  P  (3) 

oj,  0),  ty, 

By  placing  an  optical  parametric  amplifier  inside  an  optical  cavity,  one  can 
achieve  optical  parametric  oscillation.  When  the  parametric  gain  exceeds  cavity  losses, 
parametric  fluorescence  builds  up  to  a  value  approaching  pump  intensity,  and  the  device 
operates  similar  to  a  laser  (Butcher,  et  al,  1990). 


Figure  5.  Singly  Resonant  OPO 


Optical  parametric  oscillation,  as  applicable  to  this  research  effort,  involves  a 
pump  beam  and  a  PPRTA  crystal  which  is  situated  in  a  cavity  that  is  resonant  at  the  mid- 
IR  signal  frequencies  of  interest. 
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2.2  Phase  Matching  Theory 

A  brief  overview  of  phase  matching  considerations  follows,  starting  with 
development  of  coupled-wave  equations  (Boyd,  1992:57-67). 

The  frequency-dependent  wave  equation  for  a  dispersive  medium  with  negligible 
dissipation  can  be  derived  in  a  straightforward  manner  from  Maxwell’s  equations  (Boyd, 
1992:57-61),  and  the  result  is  shown  in  Equation  (4). 


-y^En  + 


£^'\C0„) 


-An  a'E/" 
c'  '  dt^ 


(4) 


where 


En  is  the  electric  field  strength  at  frequency  component  n, 

(&»„ )  is  the  frequency-dependent  dielectric  tensor  that  relates  Dn  and  En, 

is  the  nonlinear  polarization  vector  at  frequency  component  n, 
and  the  tilde  denotes  quantities  that  vary  rapidly  in  time. 

For  a  lossless  nonlinear  material  where  the  input  waves  are  continuous, 
monochromatic,  and  at  normal  incidence,  a  solution  to  the  wave  equation  for  the  signal 
frequency  (Os  is  given  by  Equation  (5). 

Es{z,t)  =  +  complex  _  conjugate ,  ^  ^ 
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where 


and 


(6) 

(7) 


The  nonlinear  driving  term  of  the  wave  equation  can  be  represented  as 


Ps(z,t)  =  P^e  ‘  +  complex _  conjugate  , 


(8) 


where  the  nonlinear  coefficient,  d,  and  the  pump  and  idler  waves  contribute  as 


P^  =4dA^A,e 


i{kp-k;)z 


(9) 


Inserting  Equations  (5)  through  (9)  into  the  wave  equation,  canceling  terms,  and 
dropping  the  complex  conjugate  terms  yields  Equation  (10). 


+ 


\67Ula)^  4  /^*JOp-krkO^ 
- 2  ^ 


(10) 


Applying  the  slowly-varying-amplitude  approximation  to  Equation  (10) 
eliminates  the  first  term  on  the  left  and  results  in  the  coupled-amplitude  equation  for  the 
signal  field  shown  in  Equation  (1 1).  Note  that  the  definition  for  wave  vector  mismatch. 
Equation  (2),  was  introduced  into  the  exponential.  The  two  additional  coupled-amplitude 
equations  for  the  idler  and  pump  fields  can  be  derived  in  a  similar  fashion,  and  the  results 
are  shown  as  Equations  (12)  and  (13). 
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(11) 


dA,  _  Smlco^  .  ^ 


dA.  _  Sndco. 


dA„  %7td(ol 

— ^  =  / - f\A,e- 

dz 


(12) 

(13) 


It  can  be  seen  from  Equation  (11)  that  for  perfect  phase  matching  (Ak  =  0),  the 
amplitude  of  the  signal  increases  linearly  with  z;  hence,  the  intensity  increases 
quadratically  with  z.  For  the  general  case  of  nonzero  wave  vector  mismatch,  the 
amplified  signal  field  can  be  found  by  integrating  Equation  (11)  across  the  length  of  the 
crystal,  L.  The  result  is  shown  in  Equation  (14). 


As=i 


Smlo)^ 

k,c^ 


A, A, 


-1 


iAk 


(14) 


Utilizing  the  relationship  between  intensity  and  amplitude  of  a  wave  given  in 
Equation  (15),  and  the  relationship  for  the  squared  modulus  given  in  Equation  (16),  the 
signal  intensity  for  the  field  given  by  Equation  (14)  can  be  expressed  as  Equation  (17). 


(15) 


-1 

Ak 


=  USINC^ 


AkL 

V  2  7 


(16) 
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f  AkL^ 


(17) 


n^n^n.A]c 


L^SINC^ 

V 


2 


J 


Equation  (17)  shows  the  dramatic  effect  of  phase  mismatch  on  the  output  signal 
intensity.  The  phase  mismatch,  given  by  Equation  (2),  can  be  rewritten  as  Equation  (18) 
for  the  case  of  perfect  phase  matching. 

n^co^ +n^(Oi  =  ripCDp  (18) 

For  normal  dispersion  in  materials,  where  np  >  ns  >  ni  for  cOp  >(0s  >(0i,  Equation 
(18)  along  with  the  conservation  of  energy  relationship  given  by  Equation  (1)  cannot  be 
satisfied  unless  phase  matching  techniques  are  employed. 

2.3  Birefringent  Phase  Matching 

Techniques  using  birefringent  phase  matching  (BPM)  employ  elegant 
combinations  of  polarizations  and  crystal  angles  to  achieve  phase  matching,  but  have 
disadvantages  of  possible  Poynting  vector  walk-off  and  limitations  on  the  nonlinear 
coefficients  used. 

Consider  second-harmonic  generation  and  the  relationship  given  in  Equation  (18); 
the  refractive  index  n(2a))  must  equal  the  refractive  index  n((o)  for  phase  matching. 

Figure  6  shows  typical  index  surfaces  of  a  uniaxial  crystal  with  a  second-harmonic  phase¬ 
matching  angle  of  em-  The  solid  circle  (o-ray  at  w)  intersects  the  solid  ellipse  (e-ray  at 
2to)  at  an  angle  of  0m  from  the  optic  axis.  The  vector  k“  drawn  through  the  intersection 
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identifies  a  direction  of  propagation  with  equal  index  of  refraction  for  the  two  interacting 
waves.  Thus,  a  pump  beam  oriented  along  the  vector  k“  would  be  phase-matched  with 
the  SHG  beam,  and  constructively  interfere  throughout  the  length  of  the  medium. 

z  (optic)  axis 


Figure  6.  SHG  Phase-Matching  Ellipsoid 
(Yariv,  et  al.,  1984) 


2.4  Quasi-Phase  Matching 

Quasi-phase  matching  is  a  desirable  alternative  to  BPM  in  which  the  domain  of 
the  nonlinear  material  is  periodically  reversed  to  compensate  for  phase  mismatch  of  the 
interacting  waves  (Schepler,  1997:41).  This  domain  reversal  maintains  constructive 
interference  throughout  the  length  of  the  material  and  can  be  engineered  to  meet  the  needs 
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of  the  application  by  constructing  a  poling  pattern  that  matches  that  signal  wavelength  of 
interest. 

With  QPM,  beam  polarizations  can  be  parallel,  which  eliminates  Poynting  vector 
walk-off  and  results  in  long  interaction  lengths  and  large  nonlinear  gains.  The  recent 
advances  in  electrical  periodic  poling  allow  intricate  combinations  of  poling  patterns  that, 
along  with  temperature  tuning  of  the  crystal,  allow  continuous  tuning  of  signal 
wavelengths  over  wide  ranges  that  are  limited  only  by  the  transparency  of  the  material. 

A  summary  of  bulk  QPM  interaction  theory  is  derived  below  (Myers,  et  al, 
1995b).  The  QPM  effective  nonlinear  coefficient,  dg,  is  derived  from  the  Fourier  series 
expansion  of  the  single-domain  nonlinear  coefficient,  deff.  Equation  (19)  shows  the 
Fourier  series  representation  of  the  periodically  modulated  nonlinear  coefficient,  d(z), 
where  m  represents  an  individual  Fourier  component.. 

(19) 

=  <//  e\pi-ik^z) 

/yi=-00 

Since  the  parametric  process  is  dominated  only  by  the  phase-matched  interaction,  the 
equation  simplifies  to; 

d(z)  =  exp(-jT„z)  (20) 

Using  a  periodic  sign  reversal  of  domains  and  a  duty  factor  of  D  yields: 

2  (21) 

d{z)  =  d^ff - sm(mzrD)exp(-ik,„z) 

run 
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Consider  Figure  7,  which  shows  the  crystal  axis  orientation  and  poling  period,  A, 
with  a  50%  duty  factor.  For  a  first-order  process  (m=l),  Equation  (21)  can  be  simplified 
to  Equation  (22). 


Figure  7.  QPM  Crystal  Schematic 


diz)  =  —  exp(-/-^z) 


n 


(22) 


Which  can  be  rewritten  as 


d{z)  =  dg  exp(-i^z). 


(23) 


Equation  (23),  which  is  the  final  form  of  the  periodically  modulated  nonlinear 
coefficient,  can  be  inserted  into  Equations  (11)  through  (13)  to  produce  the  coupled  mode 
equations  that  describe  the  signal,  idler,  and  pump  waves.  For  quasi-phase  matching,  the 
wave  vector  mismatch,  Ak,  is  now  given  by  Equation  (24). 


AA: 


(24) 
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When  Ak  =  0,  the  grating  period.  A,  is  twice  the  coherence  length,  Ic,  of  the  same 
interaction  in  single-domain  material,  as  shown  in  Equation  (25).  This  value  of  A 
provides  a  sign-change  in  the  nonlinear  polarization  every  coherence  length,  bringing  the 
interacting  waves  back  in  phase  and  maintaining  constructive  interference. 


A  =  2/, 


2n 


■k.  -t 


(25) 


Equation  (25)  provides  the  grating  period  required  for  phase  mismatch  to  equal 
zero;  i.e.  perfect  phase  matching.  This  demonstrates  the  advantage  of  QPM:  phase 
matching  is  accomplished  through  engineering  a  suitable  grating,  independent  of  material 
dispersion  properties. 


2.5  Current  Developments  and  Newer  Materials 

Periodically  poled  lithium  niobate  (LiNbOs),  the  dominant  material  used  in 
infrared  QPM  OPO’s,  has  been  successful  in  generating  coherent  radiation  beyond  5.3 
|xm  in  wavelength  in  pulsed  systems,  but  it  is  limited  to  small  apertures  and  is  susceptible 
to  undesirable  thermal  effects  and  photorefractive  damage  (Reid  et  ah,  1997:1397). 

Rubidium  titanyl  arsenate  (RbTi0As04,  or  RTA),  which  is  a  crystal  isomorph  of 
potassium  titanyl  phosphate  (KTi0P04,  or  KTP),  possesses  several  characteristics  that 
make  it  a  desirable  alternative  to  LiNb03.  RTA  has  advantages  of  wider  aperture  crystals 
due  to  lower  coercive  poling  field,  low  thermally  induced  lensing,  and  room  temperature 
operation  due  to  the  absence  of  photorefractive  damage  (Edwards  et  al,  1998:837; 
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Kennedy  et  al.,  1998:503).  Disadvantages  of  RTA  are  increased  crystal  cost  and  a  more 
elaborate  poling  equipment  setup,  as  discussed  in  section  2.3.  The  advantages  of  RTA 
can  be  exploited  to  build  a  higher  power,  more  practical,  tunable  midinfrared  laser  source 
than  previously  possible  with  PPLN. 

2.6  Electrical  Poling  of  RTA 

Periodic  poling  of  RTA  presents  unique  challenges  due  to  variance  in  the  ionic 
conductivity  of  RTA  from  sample  to  sample;  crystals  from  different  growth  runs  may 
vary  in  conductivity  by  an  order  of  magnitude.  Until  advances  in  growth  techniques 
provide  more  uniform  samples,  poling  of  RTA  requires  a  somewhat  more  complicated 
setup  than  that  of  lithium  niobate.  The  following  is  a  brief  description  of  RTA  poling 
fundamentals  as  described  by  Stolzenberger,  et  al,  1999. 

To  define  the  poling  pattern,  gold  (with  a  chromium  seed  layer)  and  aluminum 
electrodes  are  evaporated  onto  the  (+)  and  (-)  z-faces,  respectively;  reference  Figure  8. 


Figure  8.  Crystal  Axes 
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Standard  lithography  is  used  to  define  the  poling  pattern  on  the  aluminum  face 
along  the  x-direction;  grating  elements  are  connected  together  at  their  ends.  The  setup 
shown  in  Figure  9  is  used  to  apply  the  high  voltage  coercive  field. 


Figure  9.  RTA  Poling  Schematic 
(Stolzenberger,  et  al,  1999) 

The  poling  process  must  be  carefully  monitored  to  ensure  the  domain  inversions 
are  properly  formed.  If  under-poled,  the  domain  reversals  will  appear  as  streaks  instead 
of  the  ideal  rectangular  form.  If  too  many  poling  pulses  are  applied,  the  reversals  will 
wash  into  the  spaces  between  inversions.  Both  conditions  lead  to  a  diminished  effective 
nonlinear  coefficient. 

In  lithium  niobate,  uniformity  of  crystals  allows  a  predefined  prescription  of 
poling  current.  However,  current  RTA  samples  require  additional  electro-optic 
monitoring  as  shown  in  Figure  10.  The  HeNe  laser  light  is  separated  into  ordinary  and 
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extraordinary  rays  by  the  un-poled  sample.  The  phase  retardation  between  the  two  rays  is 
modulated  with  a  voltage  applied  to  the  sample  electrodes  and  monitored  by  the  detector. 
When  the  poling  is  complete,  the  electro-optic  effect  becomes  zero. 


Figure  10.  PPRTA  Electro-Optic  Monitoring 
(Stolzenberger,  etal,  1999) 


Electro-optic  monitoring  in  combination  with  charge  transfer  monitoring  provide 
a  good  indication  of  poling,  but  do  not  allow  unique  definition  of  the  domain  structure. 
The  best  method  of  monitoring  is  in  situ  monitoring  of  OPO  output,  but  unique  cavity 
and  pump  source  configurations  are  required  for  each  different  PPRTA  device  design. 
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III.  Historical  Results 


Although  the  theory  of  QPM  was  developed  soon  after  demonstration  of  the  first 
laser,  (Armstrong,  et  al,  1962),  practical  implementation  proved  difficult  due  to  the 
micron-level  grating  periods  required  for  typical  nonlinear  materials.  The  concept  of 
patterning  the  domain  polarity  of  ferroelectrics  through  photolithography  and  an  applied 
high  voltage  field  made  bulk  QPM  interactions  a  reality  (Myers,  et  al,  1995a). 

This  chapter  discusses  advancements  in  the  field  of  QPM.  Monolithic  OPO’s 
utilize  the  crystal  endfaces  as  the  mirrors  of  the  resonant  cavity,  resulting  in  an 
economical  and  simplistic  device.  Elliptical  pumping  better  matches  the  pump  beam  to 
the  rectangular  aperture  of  the  crystal,  providing  increased  energy  handling  capacity. 
Large  aperture  devices  have  been  developed  through  diffusion  bonding  stacks  of  poled 
crystals,  but  distortion  problems  are  yet  to  be  overcome.  Novel  poling  patterns  have  been 
shown  to  provide  continuous  tuning  over  large  wavelength  ranges.  Each  of  these 
advancements  is  discussed  in  further  detail  below. 

3.1  Monolithic  OPO’s 

The  large  nonlinear  coefficients  utilized  in  QPM  coupled  with  the  simplistic 
nature  of  monolithic  OPO/OPA  systems  enables  development  of  compact,  stable,  and 
easily  aligned  tunable  sources.  Input  and  output  couplers  are  unnecessary,  lowering  cost 
and  simplifying  operator  adjustments.  Stability  is  improved  by  eliminating  doubly 
resonant  conditions  between  crystal  endfaces  and  cavity  mirrors.  Monolithic  PPLN 
devices  reported  in  the  literature  provide  nearly  diffraction-limited  performance  with  a 
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grating  and  temperature  tuning  ranges  of  1.4  to  4.7  um.  Conversion  efficiencies  exceed 
50%  and  threshold  values  are  as  low  as  44  |iJ.  Monolithic  devices  are  well  suited  for 
applications  in  hostile  environments.  (Missey,  et  al,  1999a) 

3.2  Elliptical  Pumping 

Coercive  poling  fields  for  lithium  niobate  limit  the  thickness  of  the  poled  crystals 
to  the  order  of  a  millimeter;  however,  the  width  of  the  entrance  aperture  is  not  restricted. 
The  limited  crystal  thickness  generally  leads  to  rectangular  apertures  at  the  crystal 
endfaces.  Demonstrations  using  an  elliptical  pump  beam  with  ellipticity  of  20: 1  have 
shown  an  increase  in  energy  handling  capacity  of  PPLN  (Schepler,  et  ai,  1999). 

Although  elliptical  pump  beams  allow  an  increase  in  pump  beam  energy,  the  signal 
spectral  quality  and  beam  quality  are  severely  degraded  (Missey,  1999b).  The  increase  in 
optics  complexity  and  cost,  in  return  for  a  modest  increase  in  energy  handling  capability 
may  not  be  justifiable  for  most  systems. 

3.3  Large  Aperture  Crystals 

Increasing  aperture  size  in  PPLN  by  diffusion  bonding  stacks  of  poled  crystals  has 
shown  pump  energies  as  high  as  22  mJ  with  2  mJ  signal  outputs  and  slope  efficiencies  of 
12%.  Stacks  of  three  1  mm  plates  have  been  bonded  with  central  regions  completely 
fused,  showing  seamlessly  connected  domains.  Scattering  and  beam  distortion  problems 
remain,  and  evidence  of  crystal  face  damage  due  to  TIR  interference  hot  spots  exist. 
(Schepler,  et  al.,  1999) 
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The  lower  coercive  poling  field  for  RTA  allows  poling  of  larger  aperture  crystals. 
Recent  demonstrations  have  shown  a  high  degree  of  homogeneity  in  the  poled  domain 
structure  for  a  3  mm  thick  PPRTA  crystal.  Operating  with  a  2  mm  pump  beam  diameter, 
a  3  mm  thick  sample  has  been  pumped  at  65  mJ,  yielding  17  mJ  output  pulses  with  a 
slope  efficiency  of  26%.  (Karlsson,  et  al,  1999) 

3.4  Wavelength  Tuning 

The  quest  for  a  compact,  reliable,  and  user-friendly  tunable  source  continues; 
QPM  through  periodic  poling  affords  distinct  advantages  over  other  methods  of  phase 
matching,  and  is  undoubtedly  the  method  of  choice  for  the  heart  of  current  tunable 
systems.  To  achieve  tuning  of  periodically  poled  OPO  systems,  several  methods  are 
available:  temperature  tuning,  angle  tuning,  and  multigrating  (or  fan  grating)  crystals. 

Temperature  tuning  is  widespread  with  periodically  poled  systems,  but  tuning  is 
generally  restricted  to  relatively  small  wavelength  ranges  on  the  order  of  one  micron 
(Myers,  et  al,  1995a;  Karlsson,  et  al,  1999).  Since  heating  is  required  to  prevent 
photorefractive  damage  in  PPLN,  implementing  an  adjustable  temperature  controller  does 
not  significantly  change  system  complexity;  however,  temperature  tuning  (or  heating  at 
100  degrees  C)  is  not  desirable  for  many  systems,  such  as  those  on  an  aircraft. 

Angle  tuning  can  be  achieved  by  rotating  the  pump  beam  angle  in  the  periodically 
poled  crystal;  however  angle  tuning  results  in  restricted  angular  acceptance  and  beam 
walkoff,  limiting  the  interaction  length  and  reducing  the  efficiency.  Demonstrations 
using  an  acousto-optic  beam  deflector  have  shown  successful  tuning  of  the  non-resonant 
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idler  from  3.1  to  3.6  um  at  kilohertz  repetition  rates  (Yang,  et  al,  1999).  In  monolithic 
OPO’s,  angle  tuning  is  achieved  by  simply  rotating  the  crystal  (Missey,  1999b). 

The  most  promising  systems  for  practical  implementation  of  tuning  rely  on 
multigrating  or  fan-grating  poled  systems.  Multigrating  crystals  employ  a  range  of 
discrete  poled  periods,  as  shown  in  Figure  11,  and  provide  tuning  by  means  of  translating 
the  crystal  from  one  period  to  another  to  achieve  a  change  in  wavelength.  Fine-tuning 
between  multigrating  steps  can  be  achieved  through  temperature  tuning.  Fan  gratings 
offer  a  grating  that  changes  continuously  across  the  width  of  the  crystal,  providing  a 
continuous  change  in  the  phase  matched  wavelength  as  the  pump  is  translated  across  the 
face  of  the  crystal.  Fan  gratings  offer  a  distinct  advantage  of  continuous  tuning  through 
translation  of  the  crystal,  and  have  shown  continuous  tuning  from  1.375  to  4.70  um  in 
PPLN  (Missey,  1999b). 
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Figure  1 1 .  Multigrating  PPLN  Crystal 


21 


IV.  Experimental  Setup 


This  chapter  describes  the  experimental  setup  and  the  procedures  used.  The 
chapter  discusses  the  equipment  and  procedures  common  to  all  experiments,  and  the 
particular  systems  used  for  the  measurement  of  conversion  efficiency,  pump  depletion, 
and  the  spectral  linewidth. 


4.1  Common  Equipment  and  Procedures 

Figure  13  shows  a  schematic  of  the  OPO  and  pump  system,  which  are  common  to 
all  experiments  performed  in  this  research.  A  Coherent  Infinity  Nd:YAG  pulsed  laser 
(1064  nm)  operated  at  30-Hz  is  used  as  the  pump;  the  pump  laser  operates  in  single- 
longitudinal-mode.  The  pump  beam  is  quasi-Gaussian  with  a  top  hat  profile,  a  5.5  mm 
output  beam  diameter,  and  a  0.7milliradian  divergence  angle. 


Nd:YAG  Pump 
Laser 


Figure  13.  Equipment  Block  Diagram 


Due  to  high  fluctuations  in  pump  pulse  energy  when  operated  at  low  output  levels, 
the  pump  is  operated  at  a  higher  output  (200  mJ),  which  produces  a  better  pulse-to-pulse 
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repeatability  with  a  standard  deviation  of  ~2%.  Pump  power  adjustments  are  made  via 
the  half-wave  plate  and  beam  splitter  combination  located  at  the  pump  laser  output.  The 
half-wave  plate  and  beam  splitter  pair  operates  as  a  variable  attenuator  allowing  a 
variable  portion  of  pump  energy  to  be  beamsplit  to  the  beam  dump.  Pump  energy  applied 
to  the  OPO  cavity  is  monitored  through  the  use  of  a  calibrated  beamsplitter  and  a  Laser 
Precision  RJ-7620  energy  ratiometer. 

To  maximize  the  nonlinear  interaction  volume,  a  plano-plano  cavity  is  used.  The 
cavity  is  single-pass  for  the  pump,  to  avoid  backconversion  of  the  pump,  signal,  and  idler 
waves.  Cavity  mirrors  have  signal  reflectivities  of  99%  and  50%  for  the  input  and  output 
couplers,  respectively,  and  both  mirrors  are  highly  transmissive  at  the  pump  and  idler 
wavelengths.  The  cavity  is  singly  resonant  at  the  signal  wavelength  of  1.45  |xm,  with 
cavity  length  set  as  small  as  possible,  29  mm,  while  still  allowing  the  crystal  to  be 
adjusted  in  yaw,  pitch,  and  roll. 

The  0.5  mm  thick  PPRTA  crystal,  which  was  obtained  from  Aculight  and  poled 
by  Risk  at  IBM,  is  2.0  cm  long  and  1.1  cm  wide  with  parallel  and  uncoated  end  faces. 
Using  a  laboratory  microscope,  the  grating  period  is  measured  as  38  pm. 

Characteristics  of  the  PPRTA  crystal  are  compared  to  a  PPLN  crystal,  which  is 
operated  at  the  same  signal  wavelength  using  a  29  um  grating  period.  The  available 
PPLN  crystal  has  similar  dimensions  to  the  PPRTA  crystal;  however,  the  PPLN  sample  is 
slightly  longer  (2.5  cm).  The  PPLN  crystal  is  a  multigrating  sample,  poled  at  the  Air 
Force  Research  Laboratory.  Both  crystals  are  operated  unheated.  Conversion  efficiency. 
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pump  depletion,  spectral  linewidth,  and  beam  quality  of  the  PPRTA  crystal  are  compared 
to  those  of  the  PPLN  crystal. 


Figure  14.  Photograph  of  Optical  Cavity  and  PPRTA  Crystal 

To  prevent  clipping  of  the  pump  beam  by  the  crystal,  the  pump  beam  waist  is 
transformed  by  a  1000  mm  focusing  lens.  The  transformed  waist  is  located  at  the  center 
of  the  optical  cavity  with  a  200  ftm  (1/e^  intensity)  radius,  measured  using  the  knife-edge 
technique  (Suzaki,  1975). 

Alignment  of  the  cavity  mirrors  and  crystal  is  performed  with  an  IR  viewer  and 
the  pinhole  technique.  The  pump  beam  is  directed  through  a  pinhole  in  an  index  card, 
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and  the  mirrors  and  crystal  are  aligned  such  that  reflections  fall  directly  back  on  the 
pinhole.  Proper  alignment  of  the  pump  is  verified  by  imaging  the  waist  onto  a  Beam 
Code  system  with  a  Coherent  Hamamatsu  IR  camera.  Figure  15  depicts  an  image  of  the 
pump  beam  waist  when  properly  aligned  in  the  crystal;  Figure  16  shows  misalignment  of 
the  pump  beam  at  the  upper  edge  of  the  crystal. 


Figure  15.  Pump  Aligned  Properly  Figure  16.  Pump  Misalignment 

4.2  Conversion  Ejficiency  Setup 

Energy  conversion  efficiency  is  determined  by  measuring  the  OPO  signal  power 
output  using  the  setup  shown  in  Figure  17.  Residual  pump  energy  is  dumped  by  the  45- 
degree  pump  HR,  and  the  signal  is  further  isolated  using  the  signal  HR  mirror. 


Beam 

Dump 


Figure  17.  Conversion  Efficiency  Setup 
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Multiple  iterations  of  cavity  alignment  and  signal  energy  measurements  are 
performed  and  results  are  presented  in  section  5. 

4.3  Pump  Depletion  Setup 

To  characterize  the  effectiveness  of  conversion  within  the  OPO,  a  pump  depletion 
monitoring  system  was  setup  as  depicted  in  Figure  18.  By  rotating  the  pump  polarization 
from  vertical  to  horizontal,  the  nonlinear  interaction  shifts  from  the  large  dss  coefficient 
of  the  crystal,  the  OPO  drops  below  threshold,  and  nonlinear  conversion  ceases.  This 
produces  a  pulse  energy  profile  with  identical  cavity  losses,  less  the  depletion  due  to 
nonlinear  conversion.  The  resulting  residual  pump  profiles  are  integrated  numerically  in 
a  PC -based  data  acquisition  system,  and  depletion  values  are  determined  according  to 
Equation  (26). 

After  passing  through  the  OPO,  the  residual  pump  energy  is  suitably  attenuated  by 
reflection  off  a  microscope  cover  slide  and  by  scattering  through  an  index  card.  An 
InGaAs  detector  is  situated  behind  the  index  card,  and  the  pump  pulse  profile  is 
monitored  on  a  1.5  GHz  scope  with  the  traces  averaged  over  31  pulses.  With  the  desired 
depleted  and  undepleted  traces  stored  in  memory,  the  PC  acquisition  system  gathers  the 
information  and  provides  a  plot  of  the  results  and  a  numerical  value  for  depletion. 
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Microscope 
cover  slide 


Figure  18.  Pump  Depletion  Setup 

A  verification  routine  was  performed  to  ensure  accuracy  of  the  detector  output  for 
the  two  polarizations:  with  the  crystal  removed  from  the  cavity,  the  polarization  was 
rotated  from  vertical  to  horizontal  and  the  detector  revealed  identical  traces  for  both. 

This  provides  confidence  that  any  variation  in  pulse  output  is  due  to  crystal  effects  alone. 

4.4  Spectral  Linewidth  Setup 

The  output  signal  spectrum  is  characterized  by  focusing  the  OPO  output  into  an 
Acton  Research  Spectra  Pro  0.75  m  monochromator,  as  shown  in  Figure  19.  A  600 
groove/mm  grating  was  used  along  with  an  InGaAs  detector.  An  automated  data 
acquisition  system  was  not  available  for  characterizing  the  output,  so  the  data  was 
tabulated  manually  by  stepping  the  monochromator  and  recording  the  detector  output 
peak  voltage  from  a  1.5  GHz  scope. 
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Figure  19.  Spectral  Linewidth  Measurement  Setup 
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V.  Results  and  Analysis 


This  chapter  presents  the  results  for  the  various  experiments  described  in  Chapter 
IV.  Conversion  efficiency  results  compare  PPRTA  slope  efficiency  and  threshold  to 
those  of  PPLN.  Output  signal  spectral  linewidth  plots  are  presented,  followed  by  beam 
quality  measurements  with  associated  images. 


5.1  Conversion  Efficiency 

In  this  section,  signal  energy,  oscillation  threshold,  overall  efficiency,  and  slope 
efficiency  are  analyzed  as  a  function  of  pump  energy.  Figure  20  shows  the  signal  power 
as  a  function  of  pump  power  for  the  PPRTA  and  PPLN  crystals  used.  Error  bars  show  +/- 
one  standard  deviation  and  the  traces  are  fit  to  the  data  points.  To  prevent  crystal 
damage,  a  maximum  of  700  pJ  pump  energy  is  applied,  which  corresponds  to  a  pump 
power  density  of  186  MW/cm^ 

The  measured  oscillation  threshold  of  105  pJ  for  the  PPLN  crystal  is  notably 
lower  than  the  173  pJ  value  for  PPRTA.  Although  this  is  expected  due  to  the  larger  dss 
coefficient  for  PPLN,  the  results  are  further  biased  by  the  fact  that  the  available  PPLN 
crystal  has  anti-reflection  coated  end  faces  while  the  PPRTA  crystal  does  not.  A 
regression  fit  to  the  PPRTA  data  points  shows  a  threshold  of  121  pJ,  which  is  slightly 
lower  than  the  calculated  value  of  140  pJ,  determined  from  Equation  (27)  (Myers,  et  al, 
1995b). 
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where 

Jj  is  threshold  pump  fluence, 

Tp  is  the  pump  transmission  through  the  input  coupler  and  crystal  face, 
are  the  refractive  indices  for  pump,  signal,  and  idler, 

(Iq  is  the  QPM  effective  nonlinear  coefficient, 

L  is  the  crystal  length, 

2 

Wp,w^  are  the  pump  and  signal  1/e  waist  sizes, 

T  is  the  pump  pulse  FWHM, 

y  is  the  ratio  of  backward  to  forward  pump  field  amplitudes, 
is  the  cavity  optical  length, 
is  the  signal  single-pass  power  loss, 
and  Rs  is  the  output  coupler  reflectivity  at  the  signal  wavelength. 


Drastic  changes  in  threshold  and  output  signal  power  are  observed  for  even  minor 
adjustments  in  crystal  orientation.  To  obtain  repeatable  measurements  for  the  threshold 
value,  the  crystal  is  aligned  at  a  higher  pump  level  while  monitoring  signal  power  output. 
When  the  signal  power  measured  is  at  maximum,  the  pump  is  then  reduced  until 
conversion  ceases.  This  produced  threshold  results  with  a  standard  deviation  of  23%. 
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The  large  deviation  is  attributed  to  etalon  effects  between  crystal  end  faces  and  cavity 
mirrors.  Developments  with  Brewster-cut  or  slightly  wedged  endfaces  should  reduce  this 
problem  in  future  experiments. 


O  ’RTA’ 
♦  ’PPLh 


Pump  Energy  (uJ) 

Figure  20.  Signal  Energy  vs.  Pump  Energy 


PPLN  has  the  advantage  of  a  significantly  lower  threshold,  but  PPRTA  exhibits 


slope  efficiency  almost  twice  that  of  PPLN;  data  points  along  with  standard  deviation 
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bars  are  shown  in  Figure  20.  At  five-times  threshold,  overall  efficiency  of  the  PPRTA 
sample  is  18%  with  a  slope  efficiency  of  24%;  these  values  are  in  excellent  agreement 
with  the  calculated  values  for  overall  and  slope  efficiency  of  19%  and  25%,  respectively. 
The  PPLN  exhibited  overall  efficiency  of  12%  and  slope  efficiency  of  15%  at  identical 
pump  energy.  Based  on  power  measurements,  the  OPO  photon  conversion  efficiency  for 
PPRTA  at  5x  threshold  is  29%. 

A  representative  plot  of  51%  pump  depletion  at  five-times  threshold  is  shown  in 
Figure  21.  The  expected  value  for  pump  depletion  of  35%,  calculated  from  Equation 
(28),  varies  considerably  from  the  measured  result. 
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Error  may  be  attributed  to  anomalies  with  detector  response  and  the  window  of 
data  points  used  for  the  numerical  integration  of  the  experimental  pulse  profiles. 
Problems  were  noted  during  several  depletion  measurements  where  the  depleted  pump 
initial  peak  exceeded  the  undepleted  pump  peak,  indicating  a  detector  response  problem 
or  a  computer  data  acquisition  problem. 
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Time 

Figure  21.  PPRTA  Pump  Depletion  at  5x  Threshold 


The  depleted  trace  displays  an  initial  peak  while  the  signal  builds  up  to  oscillation 
threshold,  after  a  -0.5  ns  delay.  This  results  in  a  slightly  narrower  signal  pulse  (-2.5  ns) 
as  compared  to  the  pump  pulse  (-3.5  ns).  The  signal  pulse  (dot-dash)  along  with 
undepleted  pump  (solid)  and  depleted  pump  (dash)  pulses  are  shown  in  Figure  22. 


-2  0  2  4  6  8ns 

Time 


Figure  22.  Pump  Depletion  and  Signal  Pulse  Profile 
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Experimental  pump  depletion  values  as  a  function  of  pump  power  are  plotted  in 
Figure  23.  PPRTA  and  PPLN  exhibit  nearly  identical  depletion  values,  peaking  at 
approximately  55%,  offset  slightly  by  the  different  oscillation  thresholds. 


Figure  23.  Pump  Depletion  vs.  Pump  Energy 


5.2  Spectral  Linewidth 

Calculated  signal  and  idler  wavelength  as  a  function  of  grating  period  for  PPRTA 
are  shown  in  Figure  24.  Values  are  plotted  numerically  using  the  grating  period 
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calculation,  Equation  (29),  and  the  interacting  wavelength  relationship.  Equation  (31), 
which  is  easily  derived  from  Equation  (1). 


,  In  (29) 

K- - 

k  —k  —k 

where 

,  27m  (A)  (30) 

kx  = - ^ - 

and 

A^  Ap  A- 

Pump  polarization  is  along  the  crystal  z-axis.  The  Sellmeier  equation  for  nz,  the 
index  of  refraction  for  polarization  along  the  z-axis,  is  shown  in  Equation  (32)  (Fenimore, 
etai,  1996). 


1 

2 


n,  {A)  = 


2.18962 +  ■ 


1.30103 


1 


r  0.22809 


-0.01390/1' 


(32) 


For  the  crystal  grating  of  38  pm,  a  signal  wavelength  of  1.424  pm  is  expected. 
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■  ■ "  ■  Idler 

Figure  24.  PPRTA  QPM  Wavelength  vs.  Poling  Period 

Experimental  measurements  of  signal  wavelength  vary  slightly  from  the 
calculated  value  of  1.424  |J.m,  but  the  measurements  are  highly  noisy  as  shown  by  the 
standard  deviation  error  bars  in  Figure  25.  The  linewidth  of  0.75  nm  agrees  well  the 
calculated  spectrum  shown  in  Figure  26,  which  was  generated  using  the  relationship  for 
single-pass  parametric  power  amplification  (G)  as  a  function  of  phase  mismatch  (Ak)  and 
crystal  length  (L)  given  by  Equation  (33)  (Boyd,  1992:66). 


G  oc  S  INC  ‘ 


(  Ak*L' 


(33) 
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1449.8 


The  ~26  nm  peak  offset  may  be  attributed  to  crystal  temperature  difference  from 
that  used  in  the  Sellmeier  equations  (Fenimore,  et  ai,  1996).  Noise  level  variations  are 
likely  due  to  etalon  effects  in  the  uncoated  crystal.  PPLN  exhibited  a  much  broader 
spectrum  with  less  noise,  as  shown  in  Figure  27. 


Figure  27.  PPLN  Spectral  Linewidth 


5.3  Beam  Quality 

Beam  quality  measurements  were  calculated  using  spot  size  measurements 
determined  with  a  sliding  razor  blade  setup.  Using  the  200  p-m  waist  size  and  the  mean 
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value  of  measured  spot  size.  Equation  (34)  revealed  (or,  times-diffraction-limited) 
values  of  9.0  and  11.8  for  PPRTA  and  PPLN,  respectively  (Ruff,  et  ai,  1992). 

2  (34) 

M  = - 

zA 

Images  of  the  signal  beam  waist  and  far-field  spot  are  shown  in  Figure  28  through 
Figure  31.  The  beam  waist  was  imaged  from  the  center  of  the  crystal  to  the  IR  camera 
using  an  optical  relay,  while  the  far-field  spot  was  captured  directly  by  the  IR  camera. 

The  PPRTA  signal  displays  a  nice  quasi-Gaussian  profile,  while  the  PPLN  signal  is 
notably  distorted. 


Figure  30.  PPLN  Signal  Waist  Figure  31.  PPLN  Signal  at  Z=720mm 
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The  aberration  in  the  PPLN  beam  image  may  be  attributed  to  the  narrow  width  of 
the  29  |a.m  grating  with  respect  to  the  pump  waist  size.  Although  Figure  30  shows  only 
minor  distortion  at  the  signal  waist,  the  slightly  longer  length  of  the  PPLN  crystal  may 
allow  the  beam  diameter  to  exceed  the  grating  width,  resulting  the  distortion  shown  in 
Figure  31. 
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VI.  Conclusion 


This  research  demonstrated  the  use  of  a  quasi-phase  matched  PPRTA  OPO  as  a 
tunable  source  of  coherent  radiation  that  can  be  applied  to  variety  of  military  and 
commercial  applications,  including  infrared  countermeasures  and  atmospheric 
monitoring.  Although  the  device  tested  had  a  single  grating  period,  theory  has  been 
developed  showing  the  possibility  of  multiple  grating  and  fan  grating  poling  patterns  that 
can  provide  a  continuous  range  of  output  wavelengths. 

Experiments  successfully  demonstrated  PPRTA  conversion  in  the  1.5  um  range 
with  a  173  pJ  oscillation  threshold  and  a  beam  quality  (M^)  value  of  9.0.  Slope  efficiency 
of  24%  for  PPRTA  was  shown  to  be  approximately  double  that  of  PPLN  in  an  identical 
system  setup.  High  slope  efficiency,  high  pump  conversion  (-60%),  absence  of  damage 
at  pump  levels  in  excess  of  300  MW/cm^,  and  large  aperture  scaling  possibilities  suggest 
that  PPRTA  is  well  suited  for  higher  power  applications. 
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in  an  identical  system  setup.  The  high  slope  efficiency,  high  pump  conversion  (~  60%),  absence  of  damage  at  pump  levels  in 
excess  of  300  MW/cm^2,  and  large  aperture  scaling  possibilities  suggest  that  PPRTA  is  well  suited  for  higher  power 
applications.  _ 
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